Since energy storage is a basic metabolic process, the synthesis of neutral lipids occurs in all kingdoms of life. The yeast Saccharomyces cerevisiae, widely accepted as a model eukaryotic cell, contains two classes of neutral lipids, namely STEs (steryl esters) and TAGs (triacylglycerols). TAGs are synthesized through two pathways governed by the acyl-CoA diacylglycerol acyltransferase Dga1p and the phospholipid diacylglycerol acyltransferase Lro1p. STEs are formed by two STE synthases Are1p and Are2p, two enzymes with overlapping function, which also catalyse TAG formation, although to a minor extent. Neutral lipids are stored in the so-called lipid particles and can be utilized for membrane formation under conditions of lipid depletion. For this purpose, storage lipids have to be mobilized by TAG lipases and STE hydrolases. A TAG lipase named Tgl3p was identified as a major yeast TAG hydrolytic enzyme in lipid particles. Recently, a new family of hydrolases was detected which is required for STE mobilization in S. cerevisiae. These enzymes, named Yeh1p, Yeh2p and Tgl1p, are paralogues of the mammalian acid lipase family. The role of these proteins in biosynthesis and mobilization of TAG and STE, and the regulation of these processes will be discussed in this minireview.
Introduction
Triacylglycerols (TAGs) and steryl esters (STEs) are the most important storage lipids of eukaryotic cells. TAG provides an energy source on one hand and a source of fatty acids for membrane phospholipid formation on the other hand. Mobilization of STE sets sterols free which are also required for membrane proliferation, especially of the plasma membrane. In the yeast Saccharomyces cerevisiae as in other eukaryotic cells, TAG and STE form the core of the socalled lipid particles, which are surrounded by a phospholipid monolayer with a small amount of proteins embedded. Thus formation of lipid particles is tightly linked to the synthesis of TAG and STE.
TAG biosynthesis
TAGs are the most important storage form of energy and fatty acids required for membrane synthesis in eukaryotic cells. In the last decade, the formation of TAG in various organisms has been investigated. Synthesis of TAG in the yeast S. cerevisiae requires formation of its precursors PA (phosphatidic acid) and DAG (diacylglycerol). Two major de novo biosynthetic pathways that yield PA utilize either G-3-P (glycerol 3-phosphate) or DHAP (dihydroxyacetone phosphate) as precursors [1, 2] . G-3-P is first acylated by Key words: lipid storage, mobilization, neutral lipid, steryl ester, triacylglycerol, yeast.
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GAT (G-3-P acyltransferase) at the sn-1 position to form 1-acyl-G-3-P [LPA (lyso-PA)], and then by AGAT (1-acyl-GAT) in the sn-2 position. Alternatively, DHAP is acylated at the sn-1 position by DHAPAT (DHAP acyltransferase). The product of this reaction, 1-acyl-DHAP, is reduced by 1-acyl-DHAP reductase to yield 1-acyl-G-3-P, which is further acylated to PA by AGAT.
Besides de novo synthesis through the glycerol lipid pathway, PA can also be synthesized by alternative pathways. Hydrolysis of glycerophospholipids by PLD (phospholipase D) and phosphorylation of DAG by DAG kinase can also lead to the formation of PA. Activation of PA with CTP by a CDP-DAG synthase leads to the formation of CDP-DAG, the precursor for phosphatidylinositol, phosphatidylglycerol, cardiolipin, phosphatidylserine, phosphatidylethanolamine and phosphatidylcholine [3] [4] [5] [6] .
Dephosphorylation of PA catalysed by a PAP (phosphatidate phosphatase) yields DAG, which can also be formed from TAG by TAG lipases or from phospholipids through the action of phospholipase C. DAG is, on one hand, a precursor for aminoglycerophospholipid synthesis via the so-called Kennedy pathway and therefore a key intermediate in membrane lipid formation [3, 4, [6] [7] [8] , and on the other hand a substrate to DAGATs (DAG acyltransferases) which convert DAG into TAG using different acyl donors.
The final step of TAG synthesis is the acylation of DAG (Scheme 1). The enzyme DGAT (acyl-CoA DAG acyltransferase) catalyses acyl-CoA-dependent acylation of DAG. The identification of yeast DGAT benefited from progress made in mammalian cells that harbour two families of DGAT genes [9] . The mammalian DGAT1 gene was identified by its sequence homology to mammalian and yeast ACAT (acyl-CoA:cholesterol acyltransferase) homologues. Together, these sequences constitute the DGAT1 family. ARE1 and ARE2 from S. cerevisiae belong to this gene family. Recently, a new family of DGAT (DGAT2) from various species was identified by sequence homology to two DGATs purified from lipid bodies of the fungus Mortierella rammaniana [10, 11] . DGAT2 is unrelated to DGAT1, and the S. cerevisiae homologue to DGAT2 is encoded by the ORF (open reading frame) YOR245c (DGA1). Localization studies unveiled a 70-90-fold enrichment of this DAGAT activity in lipid particles over the homogenate, but also a 2-3-fold enrichment in microsomal fractions [12] . Whereas the DAGAT activity in microsomes from a dga1 single mutant strain was only slightly decreased compared with wild-type, the activity in lipid particles of this mutant was reduced to 5% of the wild-type control. These data indicated that (i) Dga1p is the major or most likely the only acyl-CoA-dependent DAGAT of lipid particles, (ii) Dga1p is also localized to the ER (endoplasmic reticulum), and (iii) additional enzymes catalysing acyl-CoA-dependent DAGAT activity must be present in the latter compartment [12] .
Human LCAT (lecithin:cholesterol acyltransferase) catalyses acyl-CoA-independent esterification of cholesterol transferring an acyl group from phosphatidylcholine to cholesterol. Sequence alignments with the human LCAT unveiled YNR008w [LRO1 (LCAT-related ORF)] as the only yeast gene showing sequence similarity with 27% overall identity. Lro1p mediates esterification of DAG using the sn-2 acyl group of phosphatidylcholine and phosphatidylethanolamine as acyl donor and thus exhibits PDAT (phospholipid DAG acyltransferase) activity [13, 14] . Lro1p activity was not detected in lipid particles as shown previously for Dga1p, but exclusively in the ER [2] .
Lro1p appears to play a major role in TAG synthesis during the exponential growth phase, whereas Dga1p is more active after diauxic shift. When both LRO1 and DGA1 were disrupted, however, approx. 5% of cellular DAG esterification activity still remained. Since the ARE1 and ARE2 genes belong to the DGAT1 gene family, it was speculated that the respective gene products might account for the residual enzyme activity in the dga1 lro1 double deletion strain. This view turned out to be correct because in the dga1 lro1 are1 are2 quadruple knockout strain, synthesis of both STE and TAG were completely blocked [12, [15] [16] [17] .
Hydrolysis of TAG
TAG can be hydrolysed to provide fatty acids and DAG for energy consumption or for membrane biosynthesis. TAG is hydrolysed by lipases (see Scheme 1) . A number of TAG lipases have been identified in plants and human. Only recently, a TAG lipase named Tgl3p (YMR313c) localized to lipid particles was identified as the first enzyme of this kind in yeast [18] . Tgl3p was shown (i) to be involved in TAG catabolism in vivo, (ii) to exhibit TAG lipase activity in highly purified lipid particles and (iii) to be enzymatically active in vitro when purified close to homogeneity. Although Tgl3p does not exhibit overall homology to other known lipases, the consensus sequence GXSXG present in Tgl3p is characteristic for a lipolytic enzyme [18] . Most recently, a lipase from Candida parapsilosis was identified, which also contains this consensus motif and lacks similarity to other lipases [19] . Also most recently, a mammalian homologue of Tgl3p named ATGL has been identified [20] .
The question remained as to whether or not Tgl3p is the only TAG lipase in S. cerevisiae. Incomplete mobilization of TAG in a tgl3 mutant treated with cerulenin, an inhibitor of fatty acid synthesis, suggested the existence of additional yeast TAG lipases, probably with minor enzymatic activities [18] . These activities also appear to be associated with lipid particles.
STE biosynthesis
It has been known for a long time that sterols can be esterified by two different types of enzymes. One of these enzymes is LCAT, which catalyses acyl-CoA-independent STE synthesis using phospholipids as acyl donors. The other enzyme is ACAT that forms STE in an acyl-CoA-dependent reaction. The only member of the LCAT gene family in S. cerevisiae, Lro1p, is an intracellular protein that catalyses DAG esterification [13, 14] . The human ACAT sequence was used to search for homologous sequence(s) in S. cerevisiae. Two genes, ARE1 and ARE2 (ACAT-related enzymes), were identified which encode STE synthases (Scheme 2). The two yeast enzymes are 50% identical with each other and exhibit approx. 24% identity with human ACAT [21, 22] . Both enzymes are localized to the ER as demonstrated by enzymatic analysis [23] and microscopic visualization of GFP (green fluorescent protein) fusion proteins [24] .
Deletion of both ARE1 and ARE2 completely abolishes sterol esterification, confirming the role of these gene products as the only sterol-esterifying enzymes. In contrast with a reduction of the STE level in an are2 single mutant to < 26% of wild-type, hardly any defect could be observed in an are1 mutant [21, 22] . Overexpression of Are1p or Are2p in an are1 are2 double mutant revealed that only Are2p restored STE synthase activity to wild-type level, whereas Are1p raised STE synthase activity only to values measured in are2 cells. These findings suggested that Are2p is the major STE synthase of the yeast. The ARE genes also exhibit marked differences with respect to transcription and mRNA stability. Using ARE1 and ARE2 promotor fusions to lacZ reporters, it was demonstrated that transcriptional initiation through the ARE1 promotor was significantly lower than that through the ARE2 promotor [25] . Furthermore, the half-life of ARE2 mRNA was approx. 12 times longer than that of the ARE1 transcript. Thus differences in Are1p-and Are2p-mediated sterol esterification activities under standard aerobic growth conditions are mainly a result of the relative abundance of the specific transcripts.
Are1p and Are2p, however, do not only vary in their quantitative contribution to the sterol esterification process, but also in their substrate specificity. Analysis of the lipid pattern of single and double are mutants revealed no preference for fatty acids of any of the Are proteins, since the fatty acid patterns of STE from mutant strains were the same as from the wild-type [24] . In contrast, the Are enzymes exhibit preferences for sterols. Generally, 60% of the esterified sterols in wild-type and are1 strains is ergosterol, with no other single sterol contributing more than 20%. In are2 cells, the portion of ergosterol esterified was decreased to 20% of total sterol, whereas at the same time the levels of episterol and especially lanosterol in STE significantly increased. In conclusion, Are2p seems to prefer ergosterol as a substrate compared with its precursors, whereas Are1p esterifies ergosterol and its precursors at nearly equal efficiency with a slight preference for lanosterol [24] . Experiments with strains overexpressing ARE1 or ARE2 in an are1 are2 background confirmed the in vivo substrate preference of Are1p and Are2p. The ratio of esterified to free lanosterol was 5-fold increased in a transformant overexpressing ARE1 compared with ARE2. In contrast, cells overexpressing ARE2 favoured esterification of ergosterol. The ratio of esterified to free zymosterol in the ARE1 overexpressant was only one-fourth relative to the strain overexpressing ARE2. These results suggest that the role of Are1p may be limitation of the conversion of lanosterol into zymosterol, thereby interrupting the sterol biosynthetic pathway in a way that allows storage of ergosterol precursors in lipid droplets. It is conceivable that these sterol intermediates are converted into ergosterol much faster than de novo synthesis occurs upon requirement [25] .
Mobilization of STE
Besides other regulatory mechanisms, esterification of sterols and hydrolysis of STE play an important role in cellular sterol homoeostasis. These processes do not only allow cells to store chemical energy, which can be used in times of deprivation, but also provide an additional means to balance the concentrations of free sterols and fatty acids, which are essential and critical for cell structure and function.
In the yeast S. cerevisiae, STE hydrolases have evaded molecular characterization for a long time. Whereas Taketani et al. [26] detected highest specific activity of STE hydrolases in mitochondria, Zinser et al. [23] reported localization of the highest specific activity of this enzyme in the plasma membrane. Recently, it was shown that the gene YEH2/YLR020c, which is homologous to several known mammalian STE hydrolases, catalyses this reaction (see Scheme 2) . Deletion of YEH2 led to complete loss of plasma membrane STE hydrolase activity, whereas overexpression of the gene resulted in a significant elevation of activity [27] . The fact that in a yeh2 deletion strain bulk STE mobilization occurred at a similar rate as in wild-type suggested that Yeh2p is not the only STE hydrolase but that also other enzymes with overlapping function exist in the yeast [27] . Indeed, two more members of the new STE hydrolase family were identified in S. cerevisiae most recently [28] . These enzymes encoded by YEH1/YLL012w and TGL1 are, similar to Yeh2p, paralogues of the mammalian acid lipase family that is composed of the lysosomal acid lipase, the gastric lipase and four novel but as yet uncharacterized human ORFs. In a yeh1 yeh2 tgl1 triple knockout strain, STE hydrolysis is completely blocked, but mobilization of TAG is not affected indicating that the three hydrolases are specific for STE in vivo. Since Yeh1p and Tgl1p are lipid particle proteins and Yeh2p is localized to the plasma membrane, the three yeast STE hydrolases constitute a class of membrane-anchored enzymes with different topology and subcellular localization.
Conclusions and future perspectives
Although during the last few years enzymes of neutral lipid synthesis and mobilization in the yeast S. cerevisiae have been identified (Figure 1) , several important questions remain unanswered. The presence of enzymes with overlapping function esterifying sterols and converting DAG into TAG raises the question regarding their physiological relevance. Another puzzling fact is the distribution of these biosynthetic pathways among different subcellular fractions and the interplay of these organelles during synthesis, movement, storage and hydrolysis of neutral lipids. Identification and characterization of additional gene products involved in neutral lipid turnover will be a challenge for the future. A further aspect of interest related to neutral lipid synthesis will be the biogenesis of lipid particles and their role in lipid homoeostasis. Finally, regulation of TAG and STE synthesis and mobilization related to the formation and utilization of lipid depots will have to be elucidated.
It is remarkable that processes involved in neutral lipid metabolism have obviously been conserved during the development of eukaryotes. In fact, all mammalian enzymes that are involved in TAG and STE formation, storage and mobilization identified so far have a yeast counterpart. For this reason, the knowledge gleaned from investigations with the unicellular eukaryote provides useful information for studies of mechanisms of neutral lipid metabolism in multicellular eukaryotes.
